Introduction {#s1}
============

Itch is a very common symptom of many dermatological diseases. Especially chronic itch reduces quality of life and might lead to depression and anxiety symptomatology [@pone.0079123-Gupta1]--[@pone.0079123-Schneider1]. Sex and gender are increasingly perceived as important factors influencing the extent of symptomatology, treatment response and outcome [@pone.0079123-Mercuro1]--[@pone.0079123-Picci1].

Still there is only very little knowledge about sex and gender differences in chronic pruritus. Ständer et al. [@pone.0079123-Stnder1] examined a large sample of patients with chronic pruritus. In this study, females reported higher itch intensities and were more negatively affected by pruritus. In line with that Holm et al. [@pone.0079123-Holm1] found that women were more affected by visible areas of atopic dermatitis than men. Uttjek et al. [@pone.0079123-Uttjek1] could show that women suffering from psoriasis had different expectations related to dermatological care than male patients.

During the last years, similarities and interactions in acute transmission and sensitization processes between itch and pain were described [@pone.0079123-Drzezga1]--[@pone.0079123-Stnder2]. In imaging studies of pain, women presented a higher activity in prefrontal, somatosensory and parietal gyri as well as in insula, dorsolateral prefrontal cortex (DLPFC), cingulate cortex, para−/hippocampus, cerebellum and thalamus even when the maximal pain intensity ratings were comparable between women and men [@pone.0079123-Henderson1]--[@pone.0079123-Derbyshire1].

Cognitive attention or distraction has a major influence on pain or itch perception. Distraction as a cognitive factor shifting the subject's attention away from clinical pain or itch can reduce itch and pain intensity [@pone.0079123-Bantick1]--[@pone.0079123-Valet1]. Keogh at al. [@pone.0079123-Keogh1] reported that men were more easily distractible than women from experienced pain. In another study examining the effect of smoking and distraction on pain sensitivity, men had less pain during distraction [@pone.0079123-Unrod1]. However, in a distraction study using local analgesia for oro-dental injections there was no sex difference in pain reduction [@pone.0079123-Touyz1].

To our knowledge, there is no paper published in the current literature on sex differences in central itch perception and impact of distraction on brain activity. Based on previous results in pain research and since it was discussed that pain and itch processing are comparable [@pone.0079123-Stnder2] we hypothesized that on the psychophysical level females will present higher itch intensities and desire to scratch that will decrease during distraction. In BOLD fMRI, females will show up-regulated activities of prefrontal, somatosensory and parietal gyri as well as in the insula, dorsolateral prefrontal cortex (DLPFC), cingulate cortex, para−/hippocampus, cerebellum and thalamus in response to itch when compared to men. Moreover, we assume that distraction will result in a more pronounced itch intensity reduction in men as compared to women.

Methods {#s2}
=======

Subjects {#s2a}
--------

33 healthy subjects without history of chronic disease, allergy or mental illness were included in the study (17 women, mean ± SD age 24.3±2.8 years, 16 men, mean ± SD age 26.8±4.1 years). 28 participants were right handed, 5 left handed (3 women). All subjects provided written informed consent. The study was approved by the local Ethics Committee of the Medical Faculty of Muenster, Germany.

Induction of Itch Sensation {#s2b}
---------------------------

Itch was induced by applying histamine intradermally via microdialysis fibers. Prior to fMRI, two microdialysis fibers (0.4 mm diameter, cut-off: 3.000 kDA, Asahi Plasmaflow) were placed intracutaneously in the left ventral forearm and two in the left medial lower leg using a 25-gauge canula. The fibers were filled with Ringer Solution (B. Braun, Melsungen, Germany) before intracutaneous placement. After placement, the skin was cooled by an ice bag for 5 minutes to reduce pain due to needle insertion. No local anesthesia was used. The distance between the fibers at each extremity was about 2.5 cm, the intradermal length was about 1 cm. After the subjects were placed in the scanner chamber, all fibers were controlled for correct placement, and skin temperature was checked to avoid a reduced itch sensation due to cold skin.

During the fMRI scanning, itch was induced by 0.5 ml of 10^−4^ M sterile histamine solution (Sigma, Deisenhofen, Germany) perfused by hand over 240 sec with a 2 ml syringe. The itch stimulation was terminated by perfusion of 0.7 ml 2% xylocaine-solution (Astra Zeneca, Wedel, Germany) and additional placement of an ice bag on the corresponding skin area for 90 sec.

During a second session the same experiment was repeated with 10 of the 33 volunteers (5 females, 5 males) of the previous experiment about 24 months after the first experiment. In this control condition histamine and xylocaine were replaced by physiological saline solution (0,9% NaCl solution) to serve as control for the 'Stroop' condition.

Imaging and Experimental Protocol {#s2c}
---------------------------------

Magnetic resonance imaging was performed with a 3T-scanner (Gyroscan, Philips, Best, The Netherlands) using a standard receiver head coil. For each subject, 844 echo-planar volumes (EPI) were obtained (TR = 2.5 sec, TE = 35 ms, flip angle 90°, matrix dimensions 64×64 field of view FOV = 210 mm and 36 oblique slices parallel to the AC-PC line. Slice thickness was 3.6 mm with a pixel size of 3.6×3.6×3.6 mm).

During continuous fMRI scanning of the brain, the experimental itch stimulation was performed four times (see [Figure 1](#pone-0079123-g001){ref-type="fig"}): Histamine perfusion was initiated after a 'baseline' condition (50 seconds) of no sensory stimulation. 60 seconds later, when itch sensation had started, either a 90 seconds period of 'itch' condition or a 90 seconds period of 'Stroop' condition followed. During 'baseline' and 'itch' condition subjects were asked to look at a black cross projected on a screen via a mirror fixed on the head coil. During 'Stroop' condition, subjects had to perform a pseudorandomized colour Stroop task, deciding during 2.5 seconds whether the colour of the letters corresponds to the colour-word. Congruent tasks, e.g. "blue" was written in blue letters, were alternated with incongruent tasks, e.g. "red" was written in green. The subjects could give their decision, whether the colour of the letters corresponds to the word or not via a computer mouse. They moved the cursor to 'yes' for congruent tasks or 'no' for incongruent tasks. After one run composing of one 'itch' and one 'Stroop' condition, itch was terminated by xylocaine perfusion plus an ice pack on the site of stimulation during a period of 90 seconds. An additional resting period of 50 seconds followed to allow normalization of brain activation before another run started.

![Experimental block design of itch stimulation.\
After a baseline period, histamine was injected on the forearm. After 60'itch' condition began, and the Stroop task had to be performed (90 s each) (A1_J+A1_S). Then, itch was terminated by xylocaine and an ice bag (90 s, upper panels). After a break, this procedure was carried out on the lower leg. To avoid habituation, the order of the second run was switched to first 'Stroop' and then the 'itch' condition (lower panels) (B1_S+B1_J). The procedure 'Stroop-itch' was carried out on the forearm (third run; A2_S+A2_J) and finally the procedure 'itch-Stroop' was carried out on the lower leg (fourth run; B2_J+B2_S). Thus, the tests were carried out in two different orders, once on the forearm and once on the lower leg. In a second experiment with 10 participants of the former study, histamine and xylocaine were replaced by saline solution. \*NRS = numeric rating scale. Between each test block, the intensity of the itch sensation, the desire to scratch, and the experienced pain was determined with help of a numeric rating scale. \*\*A1_J = first run forearm during 'itch', A1_S = first run forearm during 'Stroop', B1_J = first run lower leg during 'itch', B1_S = first run lower leg during 'Stroop', A2_J = second run forearm during 'itch', A2_S = second run forearm during 'Stroop', B2_J = second run lower leg during 'itch', B2_S = second run lower leg during 'Stroop'.](pone.0079123.g001){#pone-0079123-g001}

To avoid habituation effects, the order of both conditions ('itch' or 'Stroop' condition) was changed within and between the forearm and leg runs. This resulted in 4 runs in total, two times stimulation of the forearm (A1 =  first run started with the 'itch' condition, A2 =  the second run started with the 'Stroop' condition) and the lower leg (B1 =  first run started with the 'Stroop' condition, B2 =  second run started with the 'itch' condition).

Psychophysical Measurements {#s2d}
---------------------------

After every experimental condition ('baseline', 'itch', 'Stroop') subjects were asked to rate their intensity of itch, desire to scratch and intensity of pain. Subjects presented their ratings via a numeric rating scale (NRS) ranging from 0 (no itch sensation/no desire to scratch/no pain sensation) to 10 (most intense itch/most intense desire to scratch/most intense pain imaginable) by using the computer mouse. In addition to these measurements, subjects were asked about their emotional valence (tenseness) and their arousal by a self-assessment manikin (SAM) [@pone.0079123-Bradley1] at the start and at the end of the experiment.

Statistics were performed by PASW 21.0 (SPSS Inc., Chicago, IL, USA). We used a general linear model of repeated measurements with the factors 'condition' ('itch', 'Stroop') and 'localisation' (two runs at the forearm and two runs at the lower leg) with 'sex' (female, male) as between-subject factor and post-hoc t-tests for independent variables.

We also calculated reaction times (mean ± SD) and error rates for congruent and non-congruent data colour word pairs separately. We used a univariate analysis of variance with 'sex' and 'localisation' as factors and reaction time as dependent variable and Bonferroni post-hoc test to analyse significant interactions of localisation with sex. Furthermore, we used t-tests for dependent variables to measure pre and post differences of valence and arousal. For the saline (NaCl) experiments we used Mann-Whitney-U-Tests to test in a pilot approach for sex-specific differences.

Imaging Data Analysis {#s2e}
---------------------

Functional images were analysed using the general linear model [@pone.0079123-Friston1] for block designs in SPM8 (Welcome Department of Imaging Neuroscience; London, UK; [www.fil.ion.ucl.ac.uk/spm](http://www.fil.ion.ucl.ac.uk/spm)). All images were realigned, normalized to an EPI-template (resulting voxel size of 2 mm), spatially smoothed (8 mm FWHM kernel), and high-pass filtered (128 s).

First Level Analysis {#s2f}
--------------------

For each subject data 2 conditions were defined: 'itch' condition (36 scans) and 'Stroop' condition (36 scans) with two runs at 2 localisations, resulting in 8 conditions in total. Realignment parameters were integrated as regressors into the model. For each subject the following contrasts were determined as a function of BOLD-signal changes of each single condition: 'itch_A1', 'itch_A2', 'itch_B1', 'itch_B2', 'Stroop_A1', 'Stroop_A2', 'Stroop_B1', 'Stroop_B2'.

Second Level Analysis {#s2g}
---------------------

We used a SPM8 'full factorial' design. The individual BOLD-contrasts were transferred into a 3-factorial ANOVA (factors *condition* ('Stroop', 'itch', 2 levels, within subject factor), *sex* ('female', 'male', 2 levels, between subject factor) and *localisation* ('forearm' (A1+A2), 'lower leg' (B1+B2), 2 levels, within subject factor). According to our hypotheses the main effect of 'sex' and the interactions between 'sex' and the other factors were assessed. In addition, we performed differential post-hoc t-tests 'female'\<'male' and 'female'\>'male' for 'itch' and 'Stroop' condition and in relation to the different localisations separately. We used a Monte Carlo simulation to establish an appropriate voxel contiguity threshold [@pone.0079123-Slotnick1]. Assuming an individual voxel type I error of p\<0.005, a cluster extent of 70 contiguous resampled voxels or an individual voxel type I error of p\<0.001, a cluster extent of 47 contiguous resampled voxels was indicated as sufficient to correct for multiple voxel comparisons at p\<0.05 with our given scanner parameters. The saline experiments were analysed in the same manner.

Furthermore, we performed multiple regression analyses of each contrast ('itch_A1', 'itch_A2', 'itch_B1', 'itch_B2', 'Stroop_A1', 'Stroop_A2', 'Stroop_B1', 'Stroop_B2') for females and males separately to examine positive and negative correlations of the psychophysical data (itch intensity and desire to scratch) in relation to BOLD brain activities.

Results {#s3}
=======

Psychophysical and Neurobehavioral Data {#s3a}
---------------------------------------

There was no sex-specific difference between arousal and valence at the beginning and at the end of the experiment.

In our general linear model with the psychophysical data there was a significant main effect of 'localisation' (F = 8.0; p = 0.001) and 'sex' (F = 4.5, p = 0.042), but not for 'condition' (F = 0.6; p = n.s.) for itch intensity. Furthermore, we found a significant interaction of 'localisation'×'sex' (F = 3.4; p = 0.031), 'condition'×'localisation' (F = 9.9; p = \<0.0001) and 'condition'×'localisation'×'sex' (F = 3.1; p = 0.041), but not for 'condition'×'sex' (F = 0.022; p = n.s.).

Concerning the desire to scratch, there was also a significant effect of 'localisation' (F = 8.95; p = \<0.0001) but not for 'sex' (F = 0.6; p = n.s.) or 'condition' (F = 0.5; p = n.s.). The interaction of 'condition'×'localisation' was significant (F = 8.87; p = \<0.0001), but not for 'condition'×'sex' (F = 0.16; p = n.s.), 'condition'×'localisation'×'sex' (F = 1.6; p = n.s.) and 'localisation'×'sex' (F = 2.5; p = n.s.). For pain intensities no significant main effects were found. There were no sex-specific differences over all variables during saline perfusion.

Generally, females depicted mean higher itch intensities compared to males during the 'itch' condition over the course of the experiment (females: mean itch intensities: 4.3±1.8 and males: 3.1±1.3, students t-test: T = 2.1, p = 0.045). There was no significant sex difference in the mean desire to scratch over the total course of the experiment.

A more detailed analyses of the significant interaction 'condition'×'localisation'×'sex' indicated that females had higher itch intensities and desire to scratch during 'itch' compared to the 'Stroop' condition during stimulation at the lower leg when 'itch' was followed by the 'Stroop' condition (B2, p = 0.039 for itch sensation, p = 0.01 for desire to scratch). Surprisingly, during the two runs, where the 'Stroop' condition was first, a subsequent reduction of the itch sensation and desire to scratch during 'itch' condition was observed (see A2 in [Figure 2A](#pone-0079123-g002){ref-type="fig"}). Parallel, females also depicted lower pain during distraction by 'Stroop' when compared to 'itch' intensities in B2 ('itch': 2.4; 'Stroop': 1.8; p = 0.046), in contrast, pain intensities during 'Stroop' were higher when compared to 'itch' when 'itch' followed the 'Stroop' condition in A2 ('Stroop': 1.8; 'itch': 1.2; p = 0.044).

![Sex-specific differences in itch intensity and desire to scratch.\
A) Plot of the female's itch intensity and desire to scratch during 'itch' and 'Stroop' condition and B) Plot of male's itch intensity and desire to scratch during 'itch' and 'Stroop' condition. In C) sex-specific comparison of itch intensity during 'itch' and 'Stroop' condition und in D) sex-specific comparison of desire to scratch during 'itch' and 'Stroop' condition are plotted. \*\* = p≤0.05, \*\* = p≤0.01, \*\*\* = p≤0.0001. \*\*A1_J = first run forearm during 'itch', A1_S = first run forearm during 'Stroop', B1_J = first run lower leg during 'itch', B1_S = first run lower leg during 'Stroop', A2_J = second run forearm during 'itch', A2_S = second run forearm during 'Stroop', B2_J = second run lower leg during 'itch', B2_S = second run lower leg during 'Stroop'.](pone.0079123.g002){#pone-0079123-g002}

In contrast to females, males presented a different pattern of itch sensation. Here, we observed significant differences between 'itch' and 'Stroop' only at the forearms. In both runs, the second part of stimulation ('itch' or 'Stroop') lead to a reduction of itch sensation and desire to scratch (see [Figure 2B](#pone-0079123-g002){ref-type="fig"}). There were no significant differences between 'itch' and 'Stroop' for pain intensities.

To summarize, a strong location specific effect of sex was observed. Females exhibited higher itch intensities and a stronger desire to scratch during lower leg stimulation (B2) during 'itch' and 'Stroop' condition. In contrast, men showed a stronger reduction of itch during distraction for the first run in the forearms (A1). For further details see [Table 1](#pone-0079123-t001){ref-type="table"} and [Figures 2C and D](#pone-0079123-g002){ref-type="fig"}.

10.1371/journal.pone.0079123.t001

###### Students two-sided t-test of psychophysical data for females and males (NRS) during histamine perfusion.

![](pone.0079123.t001){#pone-0079123-t001-1}

                                           Females   Males   t value    p           
  --------------------------------------- --------- ------- --------- ----- ------- ----------
  A1_J[\*](#nt101){ref-type="table-fn"}      3.6      2.0      3.2     1.8    0.6      n.s.
  A1_S[\*](#nt101){ref-type="table-fn"}      3.2      2.3      1.9     1.1   2.08     0.049
  B1_S[\*](#nt101){ref-type="table-fn"}      4.7      2.3      3.9     2.4   1.02      n.s.
  B1_J[\*](#nt101){ref-type="table-fn"}      4.1      2.7      3.4     2.3   0.77      n.s.
  A2_S[\*](#nt101){ref-type="table-fn"}      4.3      2.3      3.6     2.2   0.84      n.s.
  A2_J[\*](#nt101){ref-type="table-fn"}      3.0      2.3      2.5     1.5   0.72      n.s.
  B2_J[\*](#nt101){ref-type="table-fn"}      6.4      1.9      3.4     2.2    4.3    \<0.0001
  B2_S[\*](#nt101){ref-type="table-fn"}      5.5      2.3      3.5     2.1    2.6     0.013
  *Desire to scratch*                                                               
  A1_J[\*](#nt101){ref-type="table-fn"}      2.6      1.8      3.1     2.4   −0.56     n.s.
  A1_S[\*](#nt101){ref-type="table-fn"}      2.4      2.2      1.8     1.8   0.85      n.s.
  B1_S[\*](#nt101){ref-type="table-fn"}      4.2      2.5      4.1     2.8   0.12      n.s.
  B1_J[\*](#nt101){ref-type="table-fn"}      3.5      2.8      3.6     2.7   −0.03     n.s.
  A2_S[\*](#nt101){ref-type="table-fn"}      3.5      2.3      3.4     2.6   0.18      n.s.
  A2_J[\*](#nt101){ref-type="table-fn"}      2.3      2.2      2.3     1.9   0.06      n.s.
  B2_J[\*](#nt101){ref-type="table-fn"}      6.1      2.5      3.8     2.9   2.47     0.019
  B2_S[\*](#nt101){ref-type="table-fn"}      5.1      2.7      3.5     3.1   1.54      n.s.
  Pain sensation                                                                    
  A1_J[\*](#nt101){ref-type="table-fn"}      1.5      2.2      1.4     1.8   0.22      n.s.
  A1_S[\*](#nt101){ref-type="table-fn"}      1.7      2.4      0.9     1.1    1.2      n.s.
  B1_S[\*](#nt101){ref-type="table-fn"}      2.1      2.2      1.9     1.7   0.27      n.s.
  B1_J[\*](#nt101){ref-type="table-fn"}      1.8      2.3      1.8     1.9   0.02      n.s.
  A2_S[\*](#nt101){ref-type="table-fn"}      1.8      2.3      2.1     2.3   −0.3      n.s.
  A2_J[\*](#nt101){ref-type="table-fn"}      1.2      1.8      1.9     3.0   −0.82     n.s.
  B2_J[\*](#nt101){ref-type="table-fn"}      2.4      2.4      1.5     1.5    1.3      n.s.
  B2_S[\*](#nt101){ref-type="table-fn"}      1.8      2.1      1.8     2.3    0.1      n.s.

A1_J = first run forearm during 'itch', A1_S = first run forearm during 'Stroop', B1_J = first run lower leg during 'itch', B1\_ S = first run lower leg during 'Stroop', A2_J = second run forearm during 'itch', A2\_ S = second run forearm during 'Stroop', B2_J = second run lower leg during 'itch', B2\_ S = second run lower leg during 'Stroop'.

During the control experiments there were only very low intensities of itch, pain and desire to scratch with no sex-specific differences. For further details see [Table S1](#pone.0079123.s001){ref-type="supplementary-material"}.

### Influence of distraction - reaction time and error rates {#s3a1}

Every participant performed a 'Stroop' task with 36 trials during each run, so 4 'Stroop' tasks in total. 4752 trials were performed (144×33 participants = 4752). We deleted all data with reaction times \<300 msec and\>3000 msec where participants pushed the mouse button too late or too early (n = 170). In total we included 4582 trials, 2364 for females (reaction time: 912.05±327.8 msec) and 2218 for males (923.4±315.8 msec; p = n.s.) There were 4158 correct answers (90.7%), 2145 for females (90.7%, reaction time: 909.1±320.1 msec) and 2013 for males (90.8%, reaction time: 920.0±311.8 msec). For further analyses the data of correct answers only were used. The low drop-out rate of around 3% and an error rate of around 10% indicate that subjects performed the task as expected and were distracted.

In an univariate analysis of variance with 'sex' and 'localisation' as factors and reaction time as dependant variable and Bonferroni post-hoc tests there were significant differences for 'localisation' (p≤0.0001) but not for 'sex' (p = n.s.) nor for their interactions (p = n.s.). The reaction time decreased over the course of the experiment due to a practice effect ([Table 2](#pone-0079123-t002){ref-type="table"}).

10.1371/journal.pone.0079123.t002

###### Mean reaction time of correct answers (mean ± SD) in the Stroop test by univariate variance analysis and post-hoc Bonferroni correction for all participants.

![](pone.0079123.t002){#pone-0079123-t002-2}

  Localisation                                Reaction time (msec) -all participants-   Bonferroni correction[\*\*](#nt104){ref-type="table-fn"}   Reaction time (msec)-females-   Reaction time (msec)-males-
  ------------------------------------------ ----------------------------------------- ---------------------------------------------------------- ------------------------------- -----------------------------
  **A1** [\*](#nt103){ref-type="table-fn"}             997.0±338.5 (n = 993)                  A1\> B1[\*\*\*](#nt105){ref-type="table-fn"}            1003.7±356.0 (n = 508)          989.9±319.1 (n = 485)
                                                                                              A1\> A2[\*\*\*](#nt105){ref-type="table-fn"}                                        
                                                                                              A1\> B2[\*\*\*](#nt105){ref-type="table-fn"}                                        
  **B1** [\*](#nt103){ref-type="table-fn"}            906.4±297.8 (n = 1042)                                    B1 =  A2                               892.2±280.9 (n = 545)          922.1±314.9 (n = 497)
                                                                                               B1\> B2[\*\*](#nt104){ref-type="table-fn"}                                         
  **A2** [\*](#nt103){ref-type="table-fn"}            903.2±318.2 (n = 1040)                   A2\> B2[\*\*](#nt104){ref-type="table-fn"}              896.3±325.5 (n = 541)          910.5±310.2 (n = 499)
  **B2** [\*](#nt103){ref-type="table-fn"}            854.9±294.9 (n = 1083)                                                                           848.4±298.9 (n = 551)          861.8±290.7 (n = 532)

Reduction of reaction times can be clearly depicted over the course of the experiment due to a practice effect. Reaction times did not differ between males and females.

A1 =  first run forearm; A2 =  second run forearm; B1 =  first run lower leg; B2 =  second run lower leg.

 = p≤0.01;

 = p≤0.0001.

FMRI Data {#s3b}
---------

### BOLD cluster analysis {#s3b1}

Sex-specific differences in brain activities were postulated. These were tested by a 3-factorial ANOVA with the between subject factor 'sex' and the dependent within subject factors 'condition' and 'localisation'. A significant main effect of 'sex' was found ([Table S2](#pone.0079123.s002){ref-type="supplementary-material"}) in mostly frontal brain areas, the anterior cingulate cortex, the lentiform nucleus and the cerebellum.

This main effect can be explained by mainly a higher brain activity of women when compared to men (females\>males) during 'itch' ([Table 3](#pone-0079123-t003){ref-type="table"}) and during 'Stroop' ([Table 4](#pone-0079123-t004){ref-type="table"}).

10.1371/journal.pone.0079123.t003

###### Differential contrasts (t-tests) of sex-specific activation under 'itch' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).

![](pone.0079123.t003){#pone-0079123-t003-3}

  Region                                                                        k    Z-score   p (uncorr.)   coordinates (x y z mm)         
  --------------------------------------------------------------------------- ----- --------- ------------- ------------------------ ------ -----
  **females\>males**                                                                                                                        
  Left inf. parietal lobule (BA 40)[\*](#nt106){ref-type="table-fn"}           267    4.49      \<0.0001              −46             −56    52
  Left inf. frontal gyrus (BA 47)[\*](#nt106){ref-type="table-fn"}             556    4.41      \<0.0001              −46              22    −14
                                                                                      3.91      \<0.0001              −36              28    −6
  Right inf. frontal gyrus (BA 47)[\*](#nt106){ref-type="table-fn"}            547    4.36      \<0.0001               44              26    −4
                                                                                      4.16      \<0.0001               56              18    −2
  Right inf. frontal gyrus (BA 45)[\*](#nt106){ref-type="table-fn"}                   3.83      \<0.0001               36              24     4
  Right sup. frontal gyrus; SMA (BA 6)[\*](#nt106){ref-type="table-fn"}        91     4.26      \<0.0001               4               20    62
  Right inf. parietal lobule (BA 40)[\*](#nt106){ref-type="table-fn"}          198    4.25      \<0.0001               48             −56    54
                                                                                       3.6      \<0.0001               56             −46    48
  Right middle occipital gyrus (BA 18)                                         86     4.16      \<0.0001               32             −80     4
  Right medial frontal gyrus (BA 6)                                            531    4.03      \<0.0001               8               26    38
  Right medial frontal gyrus (BA 9)                                                   3.82      \<0.0001               2               36    32
  Left medial frontal gyrus (BA 6)                                                    3.77      \<0.0001               −4              28    36
  Left cerebellum                                                              158    3.98      \<0.0001               −6             −52    −32
  Right cerebellum                                                                    3.84      \<0.0001               2              −54    −32
  Right caudate body                                                           72     3.93      \<0.0001               20              20     8
  Right middle frontal gyrus (BA 8)                                            170    3.85      \<0.0001               38              38    38
  Right middle frontal gyrus; DLPFC (BA 9)[\*](#nt106){ref-type="table-fn"}            3.8      \<0.0001               36              26    36
  Left lentiform nucleus                                                       106    3.63      \<0.0001              −20              8     12
                                                                                      3.35      \<0.0001              −16              12     4
                                                                                      3.14        0.001               −20              20     4
  Left middle frontal gyrus (BA 6)                                             75     3.62      \<0.0001              −42              6     58
                                                                                      3.55      \<0.0001              −38              0     62
  **males\>females**                                                                                                                        
  Left cuneus (BA 18)                                                          143    4.45      \<0.0001              −12             −102    4
  Left cuneus (BA 19)                                                                 3.45      \<0.0001               0              −88    26
                                                                                      3.24        0.001               −10             −96    30

inf. = inferior, sup. = superior, DLPFC = dorsolateral prefrontal cortex, SMA = supplementary motor area.

10.1371/journal.pone.0079123.t004

###### Differential contrasts (t-tests) of sex-specific activation under 'Stroop' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).

![](pone.0079123.t004){#pone-0079123-t004-4}

  Region                                                                       k    Z-score   p (uncorr.)   coordinates (x y z mm)        
  --------------------------------------------------------------------------- ---- --------- ------------- ------------------------ ----- -----
  **females\>males**                                                                                                                      
  Left medial frontal gyrus (BA 6)                                             62    3.63      \<0.0001               −4             34    34
  Right middle frontal gyrus (BA 8)                                            71     3.6      \<0.0001               34             40    42
  Right middle frontal gyrus; DLPFC (BA 9)[\*](#nt107){ref-type="table-fn"}           3.6      \<0.0001               46             36    36
  Left inf. frontal gyrus (BA 47)[\*](#nt107){ref-type="table-fn"}             75    3.55      \<0.0001              −38             16    −12
  Left sup. temporal gyrus (BA 38)[\*](#nt107){ref-type="table-fn"}                  3.44      \<0.0001              −34             22    −26
  **males\>females**                                                                                                                      
  Right cerebellum                                                             51    3.85      \<0.0001               28             −42   −26

inf. = inferior, sup. = superior, DLPFC = dorsolateral prefrontal cortex.

During 'itch' mostly frontal brain areas, including the SMA and the DLPFC as well as the cerebellum and the lentiform nucleus were more active in females than in males. In contrast, males presented only a higher activation of the left cuneus when compared to women. Furthermore, significant interactions of 'sex'×'localisation' and of 'sex'×'condition' were observed ([Tables S3](#pone.0079123.s003){ref-type="supplementary-material"}--[S4](#pone.0079123.s004){ref-type="supplementary-material"}).

While the interaction of 'sex'×'condition' was related to an activation of temporal and occipital gyri (BA 18, 21, 38), the cuneus (BA 19), the post, cingulate gyrus (BA 30) and the right cerebellum, the interaction of 'sex'×'localisation' revealed an activation of the right precentral gyrus (BA 6), the right thalamus, the lingual gyrus and the right insula. The interaction of all three factors did not show any threshold clusters.

During NaCl perfusion no main effect of 'sex' was seen and therefore no threshold clusters detectable.

As there were sex-specific differences in the psychophysical data for different conditions and different localisation of stimulation, we also assessed the influence of the stimulation site on brain activity. Interestingly, during stimulations at the forearm (A1+ A2), there were only little differences between males and females during 'itch'. Here, males depicted a higher activation of occipital gyrus and cuneus (BA 18, 19) in contrast to females. The latter had higher activations in frontal brain areas (BA 47) and the cerebellum ([Table 5](#pone-0079123-t005){ref-type="table"}). During 'Stroop' there were no sex-specific differences detectable.

10.1371/journal.pone.0079123.t005

###### Differential contrasts (t-test) of sex-specific activation during forearm stimulation during 'itch' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).

![](pone.0079123.t005){#pone-0079123-t005-5}

  Region                                                               k    Z-score   p (uncorr.)   coordinates(x y z mm)         
  ------------------------------------------------------------------ ----- --------- ------------- ----------------------- ------ -----
  **females\>males**                                                                                                              
  Left cerebellum                                                     75     4.15      \<0.0001              −6             −52    −36
  Left inf. frontal gyrus (BA 47)[\*](#nt108){ref-type="table-fn"}    134    4.01      \<0.0001              −48             22    −14
  **males\>females**                                                                                                              
  Left cuneus (BA 18)                                                 285    4.32      \<0.0001              −12            −100    4
  Left middle occipital gyrus (BA 18)                                        3.75      \<0.0001              −10            −90    12
  Left cuneus (BA 19)                                                        3.66      \<0.0001               0             −88    24

inf. = inferior.

Stimulations at the lower leg and in line with the psychophysical data ([Table 1](#pone-0079123-t001){ref-type="table"}, [Figure 2C](#pone-0079123-g002){ref-type="fig"}) resulted in higher brain activity in females in contrast to males (females\>males) but not vice versa during 'itch' condition. Females presented higher activations of mostly frontal gyri, including SMA, parietal lobule (BA 40), the lentiform nucleus as well as the thalamus and precentral gyrus (BA 9) ([Table 6](#pone-0079123-t006){ref-type="table"} and [Figure 3](#pone-0079123-g003){ref-type="fig"}). The differences between both sexes in 'Stroop' condition were limited to a stronger activation in females in contrast to men in the left lingual gyrus, the left culmen and the left post. cingulate gyrus (BA 29) ([Table 7](#pone-0079123-t007){ref-type="table"} and [Figure 3](#pone-0079123-g003){ref-type="fig"}). The reverse contrast (males\>females) did not show any brain activity.

![Sex-specific differences in fMRI BOLD response during 'itch' and 'Stroop' condition during stimulation at the lower legs.\
The figure shows the different brain activity maps during 'itch' and 'Stroop' condition for 'females'\>'males'. The results are corrected for multiple comparisons (uncorrected, p\<0.001, voxel threshold k\>47 voxels). \*SMA = supplementary motor area; post. = posterior.](pone.0079123.g003){#pone-0079123-g003}

10.1371/journal.pone.0079123.t006

###### Differential contrasts (t-test) of sex-specific activation during lower leg stimulation during 'itch' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).

![](pone.0079123.t006){#pone-0079123-t006-6}

  Region                                                                    k    Z-score   p (uncorr.)   coordinates (x y z mm)        
  ----------------------------------------------------------------------- ----- --------- ------------- ------------------------ ----- -----
  **females\>males**                                                                                                                   
  Left medial frontal gyrus (BA 10)                                        527    4.51      \<0.0001              −16             32    −4
  Left inf. frontal gyrus (BA 47)[\*](#nt109){ref-type="table-fn"}                3.93      \<0.0001              −34             22    −14
  Left caudate head                                                               3.77      \<0.0001               −8             24    −2
  Left inf. parietal lobule (BA 40)[\*](#nt109){ref-type="table-fn"}       226    4.46      \<0.0001              −50             −54   54
  Left inf. parietal lobule (BA 7)[\*](#nt109){ref-type="table-fn"}               3.35      \<0.0001              −38             −62   42
  Right sup. frontal gyrus; SMA (BA 6)[\*](#nt109){ref-type="table-fn"}    154    4.45      \<0.0001               4              20    62
  Right inf. parietal lobule (BA 40)[\*](#nt109){ref-type="table-fn"}      417    4.42      \<0.0001               50             −54   54
                                                                                  3.88      \<0.0001               60             −44   42
  Right supramarginal gyrus (BA 40)                                               3.42      \<0.0001               50             −50   32
  Right lingual gyrus (BA 19)                                              63     4.17      \<0.0001               30             −76    2
  Right inf. frontal gyrus (BA 47)[\*](#nt109){ref-type="table-fn"}        405    4.11      \<0.0001               56             18    −2
                                                                                  4.02      \<0.0001               44             24    −4
  Right inf. frontal gyrus (BA 13)[\*](#nt109){ref-type="table-fn"}               3.39      \<0.0001               36             22     6
  Left middle frontal gyrus (BA 10)                                        58     3.98      \<0.0001              −34             38    10
  Right medial frontal gyrus (BA 8)                                        231    3.75      \<0.0001               10             30    42
  Right medial frontal gyrus (BA 9)                                               3.34      \<0.0001               6              32    30
  Right medial frontal gyrus (BA 8)                                               3.29      \<0.0001               4              38    42
  Right caudate body                                                       86     3.71      \<0.0001               18              4    20
  Right lentiform nucleus                                                  117    3.65      \<0.0001               10              6    −2
                                                                                  3.47      \<0.0001               16             14    −4
  Right claustrum                                                                 3.18      \<0.0001               22             22    −6
  Right thalamus                                                           100    3.62        0.001                8              −10    4
  Right precentral gyrus (BA 9)                                            59     3.56      \<0.0001               36             22    36
  Left thalamus                                                            96     3.53      \<0.0001              −10             −16   10

inf. = inferior, sup. = superior, SMA = supplementary motor area.

10.1371/journal.pone.0079123.t007

###### Differential contrasts (t-test) of sex-specific activation during lower leg stimulation during 'Stroop' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).

![](pone.0079123.t007){#pone-0079123-t007-7}

  Region                                      k    Z-score   p (uncorr.)   coordinates (x y z mm)        
  ----------------------------------------- ----- --------- ------------- ------------------------ ----- -----
  **females\>males**                                                                                     
  Left lingual gyrus (BA 18)                 185    4.04      \<0.0001              −16             −82   −10
  Left culmen                                       3.42      \<0.0001              −10             −68   −6
  Left posterior cingulate gyrus (BA 29)     67     3.94      \<0.0001               −8             −42   16
  Right posterior cingulate gyrus (BA 29)           3.31      \<0.0001               2              −40   14

### Regression analysis {#s3b2}

Correlations analyses revealed comparable positive and negative correlations in the psychophysical data (itch intensity and desire to scratch) during 'itch' and 'Stroop' in A1, A2 and B1 (see [Tables S5A -- S5F](#pone.0079123.s005){ref-type="supplementary-material"} for A1, A2 and B1, respectively). In line with psychophysical and BOLD brain activity ([Tables 6](#pone-0079123-t006){ref-type="table"} and [7](#pone-0079123-t007){ref-type="table"}, [Figures 2](#pone-0079123-g002){ref-type="fig"} and [3](#pone-0079123-g003){ref-type="fig"}) there were distinct sex-specific correlation differences during 'itch' and 'Stroop' during the second lower leg stimulation (B2). Females presented positive correlations of itch ratings during 'itch' condition with activation intensities of the right hippocampus and the right caudate tail. There were negative correlations with activation intensities of occipital gyri (BA 18), frontal gyri (BA 6, 8, 9) including the DLPFC, the parahippocampal gyrus (BA 27), the inf. parietal lobule (BA 40) and the right cuneus (BA 17). Males presented positive correlations with the parahippocampal gyrus (BA 35) and the middle temporal gyrus (BA 21) and negative correlations with occipital gyri (BA 17, 18), the thalamus, the cerebellum, frontal gyri (BA 6, 8, 46) and the cingulate gyrus (BA 32) ([Table 8](#pone-0079123-t008){ref-type="table"}, [Figure 4](#pone-0079123-g004){ref-type="fig"}).

![Correlation analysis of itch intensity ratings with brain activities during 'itch' condition (B2).\
The figure shows positive (in red) and negative (in blue) correlations of brain BOLD-activity with itch intensity ratings during second stimulation at the lower legs (B2) for females and males separately (Females: positive correlation: uncorrected, p\<0.005, with a voxel threshold k\>70, negative correlation: uncorrected, p\<0.001, with a voxel threshold k\>47; males: positive correlation: uncorrected, p\<0.005, with a voxel threshold k\>70, negative correlation: FWE corrected, with a voxel threshold k\>10). \*DLPFC = dorsolateral prefrontal cortex; inf. = inferior; sup. = superior.](pone.0079123.g004){#pone-0079123-g004}

10.1371/journal.pone.0079123.t008

###### Sex-specific correlations of itch intensity with brain activity during second lower leg stimulation (B2) during 'itch' condition.

![](pone.0079123.t008){#pone-0079123-t008-8}

  Region                                                                         k     Z-score      p       coordinates (x y z mm)         
  --------------------------------------------------------------------------- ------- --------- ---------- ------------------------ ------ -----
  **females**                                                                                                                              
  *positive correlation* [\*\*](#nt111){ref-type="table-fn"}                                                                               
  Right hippocampus                                                             122     3.58     \<0.0001             24             −44    10
  Right caudate tail                                                                    3.37     \<0.0001             16             −36    20
  *Negative correlation\**                                                                                                                 
  Left middle occipital gyrus (BA 18)                                          12893    5.90     \<0.0001            −28             −98     6
  Left inferior occipital gyrus (BA 18)                                                 5.56     \<0.0001            −30             −90    −6
  Right middle frontal gyrus; DLPFC (BA 9)[†](#nt113){ref-type="table-fn"}      857     4.87     \<0.0001             46              36    36
                                                                                        4.37     \<0.0001             54              28    30
  Right sup. frontal gyrus; DLPFC (BA 9)[†](#nt113){ref-type="table-fn"}                4.01     \<0.0001             44              44    32
  Right sup. frontal gyrus (BA 6)[†](#nt113){ref-type="table-fn"}               555     4.09     \<0.0001             28              8     66
  Right middle frontal gyrus (BA 6)                                                     3.92     \<0.0001             28              4     50
                                                                                        3.91     \<0.0001             38              6     56
  Left inf. parietal lobule (BA 40)[†](#nt113){ref-type="table-fn"}             99      3.66     \<0.0001            −54             −48    38
  Left middle frontal gyrus; DLPFC (BA 9)[†](#nt113){ref-type="table-fn"}       294     3.61     \<0.0001            −48              30    30
                                                                                        3.43     \<0.0001            −48              18    32
  Left middle frontal gyrus (BA 8)                                                      3.27      0.001              −54              14    40
  Left parahippocampal gyrus (BA 27)                                            49      3.55     \<0.0001            −22             −30    −4
  Right cuneus (BA 17)                                                          57      3.54     \<0.0001             14             −78     8
  Left medial frontal gyrus (BA 8)                                              63      3.27      0.001               0               20    44
  **males**                                                                                                                                
  *positive correlation* [\*\*](#nt111){ref-type="table-fn"}                                                                               
  Left parahippocampal gyrus (BA 35)                                            86      3.27      0.001              −26             −14    −22
  Left middle temporal gyrus (BA 21)                                            94      3.01      0.001              −58             −12    −8
                                                                                         2.8      0.003              −54              0     −10
  *negative correlation* [\*\*\*](#nt112){ref-type="table-fn"}                                                                             
  Left thalamus                                                                 49      5.77     \<0.0001            −18             −26     8
                                                                                        5.26     \<0.0001            −22             −30     2
  Right cerebellum                                                              112     5.66     \<0.0001             38             −60    −32
                                                                                        4.99     \<0.0001             38             −72    −30
  Left inf. occipital gyrus (BA 17)[†](#nt113){ref-type="table-fn"}             32      5.47     \<0.0001            −26             −98    −10
  Left inf. occipital gyrus (BA 18)[†](#nt113){ref-type="table-fn"}                     4.98     \<0.0001            −32             −94    −16
  Right middle frontal gyrus; DLPFC (BA 46)[†](#nt113){ref-type="table-fn"}     65      5.42     \<0.0001             44              48    22
  Right inf. occipital gyrus (BA 18)[†](#nt113){ref-type="table-fn"}            44      5.36     \<0.0001             32             −92    −6
  Right lingual gyrus (BA 17)                                                   20      5.26     \<0.0001             20             −100   −10
  Right medial frontal gyrus (BA 8)                                             14      5.19     \<0.0001             8               20    44
  Right inf. parietal lobule (BA 40)[†](#nt113){ref-type="table-fn"}            19      5.14     \<0.0001             44             −46    40
  Right middle frontal gyrus (BA 6)                                             25      5.12     \<0.0001             32              0     50
  Left cingulate gyrus (BA 32)                                                  12      5.11     \<0.0001             −4              28    26
  Right cerebellum                                                              11      5.10     \<0.0001             26             −62    −34

(\*uncorrected, p\<0.001, with a voxel threshold k\>47;

uncorrected, p\<0.005, with a voxel threshold k\>70;

FWE corrected, p\<0.05, with a voxel threshold k\>10).

inf. = inferior, sup. = superior, DLPFC = dorsolateral prefrontal cortex.

Females showed positive correlations of itch ratings during 'Stroop' with activation intensities of the occipital gyrus (BA 18), cerebellum and medial frontal gyrus (SMA) and negative correlations with parietal (BA 40) and frontal gyri (BA 6). Males had positive correlations not only with occipital gyri (BA 18) and cerebellum but also with precentral and postcentral gyri. Furthermore there were extended negative correlations with frontal gyri (including DLPFC, BA 6, 8, 9, 46, 47), temporal (BA 22, 39) and parietal gyri (BA 40) as well as precentral (BA 44) and postcentral gyri (BA 2) ([Table 9](#pone-0079123-t009){ref-type="table"}, [Figure 5](#pone-0079123-g005){ref-type="fig"}).

![Correlation analysis of itch intensity ratings with brain activities during 'Stroop' condition (B2).\
The figure shows positive (in red) and negative (in blue) correlations of brain BOLD-activity with itch intensity ratings during second stimulation at the lower legs (B2), for females and males separately. The results are corrected for multiple comparisons (uncorrected, p\<0.001, voxel threshold k\>47 voxels). \*SMA = supplementary motor area; DLPFC = dorsolateral prefrontal cortex; inf. = inferior.](pone.0079123.g005){#pone-0079123-g005}

10.1371/journal.pone.0079123.t009

###### Sex-specific correlations of itch intensity with brain activity during second lower leg stimulation (B2) during 'Stroop' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).
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  Region                                                                         k     Z-score   p (uncorr.)   coordinates (x y z mm)         
  ---------------------------------------------------------------------------- ------ --------- ------------- ------------------------ ------ -----
  **females**                                                                                                                                 
  *positive correlation*                                                                                                                      
  Left lingual gyrus (BA 18)                                                    8224    5.38      \<0.0001               −4             −84    −8
  Left inferior occipital gyrus (BA 18)                                                 5.22      \<0.0001              −36             −84    −2
  Left cerebellum                                                                       5.04      \<0.0001              −28             −70    −16
  Left middle occipital gyrus (BA 18)                                           1025    5.11      \<0.0001              −12             −98    14
  Right middle occipital gyrus (BA 18)                                                  4.65      \<0.0001               14             −100   18
                                                                                        4.26      \<0.0001               24             −90    18
  Left hypothalamus                                                              72     3.76      \<0.0001               −2              −4    −4
  Right medial frontal gyrus; SMA (BA 6)[\*](#nt114){ref-type="table-fn"}               3.45      \<0.0001               6               0     56
  *negative correlation*                                                                                                                      
  Right inf. parietal lobule (BA 40)                                            222     4.44      \<0.0001               48             −50    48
  Right middle frontal gyrus (BA 6)                                              98     3.87      \<0.0001               34              18    58
  **males**                                                                                                                                   
  *positive correlation*                                                                                                                      
  Right fusiform gyrus (BA 19)                                                  532     4.77      \<0.0001               42             −66    −6
  Right middle occipital gyrus (BA 18)                                                  4.32      \<0.0001               32             −80    −6
  Right cerebellum                                                                      3.61      \<0.0001               28             −78    −14
  Right cuneus (BA 18)                                                          110     4.23      \<0.0001               16             −100   12
  Left cerebellum                                                               150     4.10      \<0.0001              −36             −44    −26
  Right cerebellum                                                              161     4.07      \<0.0001               36             −44    −28
  Left middle occipital gyrus (BA 18)                                            71     3.75      \<0.0001              −40             −80    −8
  Left cuneus (BA 18)                                                            53     3.58      \<0.0001              −18             −100   12
  Left precentral gyrus (BA 6)                                                   58     3.52      \<0.0001              −50              −6    56
  Left postcentral gyrus (BA 3)                                                         3.50      \<0.0001              −50             −18    60
  *negative correlation*                                                                                                                      
  Left superior frontal gyrus (BA 6)                                            487     4.99      \<0.0001              −14              22    62
  Left middle frontal gyrus (BA 6)                                                      4.71      \<0.0001              −20              22    56
  Left superior frontal gyrus (BA 6)                                                    3.85      \<0.0001              −24              10    48
  Left middle temporal gyrus (BA 39)                                            345     4.70      \<0.0001              −36             −70    32
  Left angular gyrus (BA 39)                                                            3.17        0.001               −52             −70    38
  Right precuneus (BA 7)                                                        1236    4.65      \<0.0001               14             −72    50
                                                                                        4.59      \<0.0001               8              −74    42
                                                                                        4.47      \<0.0001               20             −74    36
  Right inferior frontal gyrus (BA 47)                                          502     4.57      \<0.0001               50              28    −16
  Right precentral gyrus (BA 44)                                                        3.89      \<0.0001               56              14     8
  Right superior temporal gyrus (BA 22)                                                 3.70      \<0.0001               62              10     2
  Left inferior frontal gyrus(BA 47)                                            915     4.44      \<0.0001              −50              24    −10
  Left middle frontal gyrus (BA 47)                                                     4.28      \<0.0001              −44              34    −6
  Left medial frontal gyrus (BA 9)                                              600     4.43      \<0.0001               −4              32    32
  Left medial frontal gyrus (BA 8)                                                      3.88      \<0.0001               0               26    40
  Right postcentral gyrus (BA 2)                                                349     4.14      \<0.0001               60             −28    46
  Right inferior parietal lobule (BA 40)                                                3.88      \<0.0001               56             −44    50
                                                                                        3.36      \<0.0001               46             −60    46
  Left middle frontal gyrus (BA 8)                                              202     4.02      \<0.0001              −40              22    40
  Left middle frontal gyrus; DLPFC (BA 9)[\*](#nt114){ref-type="table-fn"}              3.35      \<0.0001              −52              20    38
  Right middle frontal gyrus; DLPFC (BA 46)[\*](#nt114){ref-type="table-fn"}    285     3.90      \<0.0001               44              40    26
  Right middle frontal gyrus; DLPFC (BA 9)[\*](#nt114){ref-type="table-fn"}             3.84      \<0.0001               42              28    36
  Right superior frontal gyrus (BA 6)                                            50     3.65      \<0.0001               16              16    62
  Left cuneus (BA 18)                                                            86     3.61      \<0.0001              −10             −72    16
                                                                                        3.25        0.001                0              −70    20
  Left inferior frontal gyrus (BA 45)                                            79     3.60      \<0.0001              −54              24    18
  Left middle frontal gyrus (BA 10)                                              76     3.47      \<0.0001              −28              50    10
  Left superior frontal gyrus (BA 6)                                                    3.21        0.001               −32              56    16
  Left middle temporal gyrus (BA 39)                                             58     3.33      \<0.0001              −52             −62    26
  Left superior temporal gyrus (BA 39)                                                  3.18        0.001               −60             −58    28
  Left cingulate gyrus (BA 31)                                                   59     3.31      \<0.0001               −6             −44    38
  Right cingulate gyrus (BA 31)                                                         3.18        0.001                2              −48    40

DLPFC = dorsolateral prefrontal cortex, SMA = supplementary motor area.

Results were comparable for the correlations with the desire to scratch ratings during B2.

Discussion {#s4}
==========

Psychophysical Data {#s4a}
-------------------

In the present study, differences between females and males in itch intensity and desire to scratch in psychophysical data but also in central itch perception were found. In line with our first hypothesis, women generally presented higher itch intensities compared to men during 'itch' condition over the course of experiment. A more specific analysis of the interaction 'sex'×'condition'×'localisation' revealed higher itch intensities, desire to scratch and itch associated pain in women during experimental induced itch that can be reduced by distraction at the lower legs when 'itch' is followed by 'Stroop' ([Figures 2C](#pone-0079123-g002){ref-type="fig"}+D). In contrast, men depicted significant reduction of 'itch' by 'Stroop' at the forearms ([Figure 2B](#pone-0079123-g002){ref-type="fig"}). No sex differences were seen in the saline control condition.

The knowledge about sex-specific differences in itch perception is very limited at present. Ständer et al. [@pone.0079123-Stnder1] could show in a large sample of 1037 patients with chronic pruritus that females exhibited higher itch intensities on a visual analog scale and suffered more from itch than males. These results are well in line with the results of the present study. Similarly, larger histamine-induced wheal responses were found in females upon iontophoresis [@pone.0079123-Magerl1] compared to males. However, sex-specific itch ratings were not presented.

Remarkably, women also reported higher itch associated pain scores, too. This corroborates findings of our recent study, where women compared to men reported more often on localised itching occurring in attacks, with stinging, warmth, and painful qualities [@pone.0079123-Stnder1]. These findings also correspond to pain research. Here, it is already well known, that females appear to have higher pain sensitivities [@pone.0079123-Fillingim1]--[@pone.0079123-Lautenbacher1]. Similarly, it seems feasible to assume that the same may hold true for itch perception with females exhibiting a lower itch threshold and associated a lower threshold of desire to scratch compared to men.

Sex-specific differences were pronounced for the lower legs ([Table 1](#pone-0079123-t001){ref-type="table"}, [Figures 2C and D](#pone-0079123-g002){ref-type="fig"}). Truini et al. [@pone.0079123-Truini1] and Magerl et al. [@pone.0079123-Magerl1] could show previously that itch sensation increased from head to the lower extremities, pointing to region specific differences in itch perception. However they did not analyse itch ratings sex-specifically. The only study who investigated sex differences was performed by Bergeret et al. [@pone.0079123-Bergeret1]. They only stimulated at the arms and not at the legs and did not find any sex-specific difference during itch stimulation. Our study corroborated their findings, since we also did not find sex-specific differences in itch perception during itch without distraction at the forearms.

Our finding of localised sex-specific differences may be explained by different itch receptor distribution between the sexes as postulated by Truini et al. [@pone.0079123-Truini1]. This is also supported by our data in patients with chronic pruritus where itching could be reduced significantly more often in women by cold treatment and in men by heat treatment, indicating differences in receptors in the skin [@pone.0079123-Stnder1]. To date, it is still unclear however if the different clinical distribution of affected body areas is due to the underlying disease or if it might be due to sex differences in the anatomy of the skin.

Another sex-related difference was that itch sensation and desire to scratch could only be reduced by distraction at the lower legs in women and at the forearms in men in the two runs, where 'itch' was followed by 'Stroop'. Somewhat unexpected was the observation that during the two runs, in which we first presented the distraction paradigm followed by itch sensation without distraction, a higher itch intensity was observed during 'Stroop' compared to 'itch' in the forearms ([Figures 2A--D](#pone-0079123-g002){ref-type="fig"}). This finding may be explained as follows: the effect of the distraction paradigm might last longer as previously assumed, so the itch sensation cannot develop sufficiently. As our distraction and itch sensation paradigm is quite short we cannot resolve how long this effect may last.

Our data did not indicate as previously hypothesized that itch intensities can be reduced more efficiently in men as compared to women by distraction. Depending on the localisation of the experimental induced itch women and men were distractible similarly. This is in contrast to pain results. For example, male adolescents used distraction as a coping strategy for chronic back pain [@pone.0079123-Keogh1]. This indicates that the different quality of itch sensation seems to provoke different sex-specific modulation systems than pain does.

During the control experiment with saline perfusion, there were no significant sex-specific differences, supporting the notion that our observed sex differences during itch and reduction by distraction are due to different perception of itch between the sexes.

Central Itch Processing during Itch Sensation {#s4b}
---------------------------------------------

Our hypothesis of sex-specific differences in brain activity was confirmed. Beside a significant main effect of 'sex' ([Table S2](#pone.0079123.s002){ref-type="supplementary-material"}), significant interactions of 'sex'×'localisation' and of 'sex'×'condition' were observed ([Tables S3](#pone.0079123.s003){ref-type="supplementary-material"} and [S4](#pone.0079123.s004){ref-type="supplementary-material"}). The main effect of 'sex' can be explained by mainly a higher brain activity of women when compared to men (females\>males) during 'itch' ([Table 3](#pone-0079123-t003){ref-type="table"}) and during 'Stroop' ([Table 4](#pone-0079123-t004){ref-type="table"}) in mostly frontal brain areas. The control experiments with saline perfusion did not show any main effect of 'sex', there were no activated clusters.

Since as to our knowledge this is the first study examining sex differences in central itch perception we cannot compare our results to other studies dealing with sex differences in itch, therefore our results were compared to pain results. Here, sex differences in frontal areas like the DLPFC were also reported. The DLPFC is well known to play a putative role of pain anticipation and is considered as "keeping pain out of mind" [@pone.0079123-Lorenz1]. Benson et al. [@pone.0079123-Benson1] found a higher activation of DLPFC in women during anticipation of pain. So in line with these findings it might be possible that women do not only have an enhanced recruitment of pain control mechanisms but also of itch control. It may also reflect observations that women suffer more from itch as reported in our recently published study on 1037 patients [@pone.0079123-Stnder1].

The higher experienced itch intensity and desire to scratch in women is also reflected in a higher activation of the cerebellum and supplementary motor area responsible for planning of motoric actions such as scratching [@pone.0079123-Papoiu1]--[@pone.0079123-Kleyn1]. The lentiform nucleus is considered to modulate the so called cortico-thalamo-cortico circuit that plays a role in planning motor actions like scratching [@pone.0079123-Schneider2], too. So a higher activity of the lentiform nucleus in females could be explained by the higher itch sensation in females that results in a stronger activation of brain structures responsible for scratching compared to males ([Table 3](#pone-0079123-t003){ref-type="table"}).

These findings are particularly based on the strong brain activation during lower leg stimulation in females corresponding to our psychophysical data ([Figure 2C](#pone-0079123-g002){ref-type="fig"}). In addition, females also showed an activation of the precentral gyrus (BA 9) and the thalamus during lower leg stimulation (contrast females\>males). The precentral gyrus is a well-known structure of sensoric integration of itch [@pone.0079123-Kleyn1]--[@pone.0079123-Schneider2]. The thalamus in interplay with the lentiform nucleus plays a role in planning motor actions. These findings are well in line with the significant higher itch intensities at the lower leg in females ([Figure 2C](#pone-0079123-g002){ref-type="fig"}). These findings are also supported by our correlation analysis ([Tables 8](#pone-0079123-t008){ref-type="table"} and [9](#pone-0079123-t009){ref-type="table"}). A negative correlation of itch intensities with activity strengths of the thalamus, cerebellum and cingulate gyrus were found in males. These structures are well known in the sensoric integration of itch and the planning of motor actions. These negative correlations were not observed in females with our given threshold.

Central Itch Processing during Distraction {#s4c}
------------------------------------------

Since both sexes showed comparable performance in the Stroop task (similar reaction times, error rates, [Table 2](#pone-0079123-t002){ref-type="table"}), it is feasible to assume that the observed sex differences in central processing are related to a different central perception but not to performance differences. To our knowledge there are no published studies up-to-date dealing with sex-specific differences during Stroop tasks or distraction in general. Therefore it is difficult to interpret our findings in line with the current literature and one can only speculate.

Interestingly, females reported a significant reduction of itch sensation during the second stimulation at the lower leg (B2) by distraction in contrast to males ([Figures 2A and B](#pone-0079123-g002){ref-type="fig"}). These differences are also obvious in brain activation pattern. Here, females presented a higher activation of the posterior cingulate gyrus (BA 29) and a positive correlation of itch ratings with frontal areas activities (including SMA) and the cerebellum in contrast to males. Males, in contrast, depicted a positive correlation with the cerebellum and pre- and postcentral gyri, but a negative correlation with different parts of pre- and postcentral gyri and the cingulate gyrus ([Table 9](#pone-0079123-t009){ref-type="table"}, [Figure 5](#pone-0079123-g005){ref-type="fig"}). These findings support our hypothesis that females might have a different distraction strategy, since the observed itch reduction in females is not only associated with brain areas responsible for motor planning but also for emotional integration of stimuli. Therefore it is feasible to assume that females are more emotionally engaged during distraction from itch that may result in a reduced itch sensation. In contrast distraction in males (that is not associated with an itch reduction) seems to provoke only brain regions that are responsible for motoric planning (cerebellum) by the urge to scratch and that seem not to result in lower itch intensity. To summarize, our data point to a different sex-specific correlation pattern indicating that males and females may use different brain networks during distraction yielding to different itch reduction efficiencies.

Conclusions {#s5}
===========

Women and men exhibited differences in their itch perception as reflected in higher itch intensities and desire to scratch in women. Itch intensity can be reduced more efficiently by distraction in the lower legs in women, while it can be reduced more efficiently in the forearms in men. In functional brain imaging women generally depicted a higher activation of structures responsible for integration of sensory and affective information as well as motor planning during itch when compared to men.

Limitations {#s5a}
-----------

First, for females, we cannot differ between an effect of localisation and a possible wind-up-phenomenon during the second leg run. It might be possible, that during the last run, the threshold was lower because of the repetitive stimulation. However, since males did not show that behavior, it indicates, that this is a sex-specific phenomenon.

Second, the number of 17 versus 16 participants is not very high. It might be possible that the number of subjects was not sufficient enough to detect other more subtle differences.

Third, we do not have a 'pure' itch sensation but a certain mixture with pain sensation. The pain sensation might be provoked by the histamine solution that has a certain effect of burning and be related to the known lower pain threshold of women. But since the pain sensation is much lower than the itch sensation, we assume that pain sensation just plays a secondary role.

Fourth, we cannot exclude completely that the shaving of the women's leg had some influence of our results. We did not ask the women when they shaved their legs the last time and how they did it (shaving, waxing or epilation). But as the itch stimulation was done intradermally a normal shaving could not influence the itch perception because the root of the hair is still present. But as already mentioned we have not documented how many females did waxing or epilation.
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======================
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**Mann-Whitney-U-Test of psychophysical data for females and males (NRS) during saline perfusion.**
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**Main effect of 'sex' during histamine perfusion (uncorrected, p\<0.001, with a voxel threshold k\>47).**
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**Interaction of 'sex' x 'condition' (uncorrected, p\<0.001, with a voxel threshold k\>47).**
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**Interaction of 'sex' x 'localisation' (uncorrected, p\<0.001, with a voxel threshold k\>47).**
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Click here for additional data file.
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(A). Sex-specific correlations of itch intensity with brain activity during first forearm stimulation (A1) during 'itch' condition (\*uncorrected, p\<0.001, with a voxel threshold k\>47; \*\*FWE corrected, p\<0.05, with a voxel threshold k\>10). (B). Sex-specific correlations of itch intensity with brain activity during first forearm stimulation (A1) during 'Stroop' condition (\*uncorrected, p\<0.001, with a voxel threshold k\>47; \*\*FWE corrected, p\<0.05, with a voxel threshold k\>10). (C). Sex-specific correlations of itch intensity and brain activation during first lower leg stimulation (B1) during 'itch' condition (\*uncorrected, p\<0.001, with a voxel threshold k\>47; \*\*FWE corrected, with a voxel threshold k\>10). (D). Sex-specific correlations of itch intensity and brain activation during first lower leg stimulation (B1) during 'Stroop' condition (uncorrected, p\<0.001, with a voxel threshold k\>47). (E). Sex-specific correlations of itch intensity with brain activity during second forearm stimulation (A2) during 'itch' condition (uncorrected, p\<0.001, with a voxel threshold k\>47). (F). Sex-specific correlations of itch intensity with brain activity during second forearm stimulation (A2) during 'Stroop' condition (uncorrected, p\<0.001, with a voxel threshold k\>47).
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